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Sunlight and some environmental chemical agents 
produce lesions in the DNA of human skin cells that if 
unrepaired may interfere with normal functioning of 
these cells. The most serious ' outcome of such interac-
tions may be malignancy. It is therefore important to 
develop an understanding of mechanisms by which the 
lesions may be repaired or tolerated without deleterious 
consequences. Our models for the molecular processing 
of damaged DNA have been derived largely from the 
study of bacterial systems. Some similarities but signifi-
cant differences are revealed when human cell responses 
are tested against these models. It is also of importance 
to learn DNA repair responses of epidermal keratino-
cytes for comparison with the more extensive studies 
that have been carried out with dermal fibroblasts. Our 
experimental results thus far indicate similarities for the 
excision-repair of ultraviolet-induced pyrimidine dimers 
in human keratinocytes and fibroblasts. Both the 
monoadducts and the interstrand crosslinks produced in 
DNA by photoactivated 8-methoxypsoralen (PUV A) can 
be repaired in normal human fibroblasts but not in those 
from xeroderma pigmentosum patients. The monoad-
ducts, like pyrimidine dimers, are probably the more 
mutagenic/carcinogenic lesions while the crosslinks are 
less easily repaired and probably result in more effective 
blocking of DNA function. It is suggested that a split-
dose protocol that maximizes the production of cross-
links while minimizing the yield of monoadducts may be 
more effective and potentially less carcinogenic than the 
single ultraviolet exposure regimen in PUV A therapy 
for psoriasis. 
The skin is our outermost line of defense against environ-
mental initants, and it bears the brunt of the attack by radia-
tions and many chemical carcinogens, The most sensitive cel-
lular target for these deleterious agents appears to be the 
genetic material, It is therefore not surprising that a variety of 
DNA repair responses has evolved to counter the threat to 
survival posed by these agents. Of particular importance to 
humans are the cellular responses to the damage inflicted in 
skin cells by sunlight. We are unavoidably exposed to sunlight 
and in fact psychologically we thrive on it! However, it is well 
established that the shorter wavelengths in the sun's spectral 
distribution are carcinogenic [1]." Perhaps the most dramatic 
documentation of that fact is seen in the autosomal recessive 
hereditary disease, xeroderma pigmentosum. Defective repair 
of damage inflicted in the DNA by sunlight renders the victims 
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of this disease exquisitely sensitive to · sunlight-induced skin 
cancer [2,3). 
In this paper we will consider the nature of known DNA 
repair responses as fIrst elucidated in bacterial systems, T hen 
we will review some of the evidence that similar modes are 
operative in human skin cells. Most DNA repair studies with 
human skin cells have utilized dermal fibroblasts because they 
are easy to culture and they can be easily scored for the same 
parameters used with bacteria (eg., cell division and colony 
forming ability). However, fIbroblasts are not found in the 
epidermis where most skin cancers originate and furthermore 
the predominant cells of the epidermis, the keratinocytes, are 
terminally differentiating cells, so that ability to form a colony 
may not even be an appropriate end point to study. We have 
initiated an analysis of the DNA repair responses in UV irra-
diated human epidermal keratinocytes for comparison with 
other cell types both qualitatively and quantitatively . Thus far 
we have established that the excision-repair response is similar 
to that previously reported for fIbroblasts. 
DNA repair studies are also relevant to certain clinical ap-
plications, in particular to the use of psoralens and UV A 
(PU V A) in photochemotherapy for psoriasis [4,5). Psoralens 
such as 8-methoxypsoralen with a linear configuration of the 3 
aromatic rings may react with pyrimidines at one [6] or both 
[7] ends to produce monoadducts or interstrand crosslinks, 
respectively, in the cellular DNA. We do not know whether the 
monoadducts or the crosslinks are the more effective lesions for 
the photochemotherapeutic effect. However, we do know that 
in normal diploid human fIbroblasts both types of lesions can 
be repaired [8). There is also some evidence that implicates 
PUV A therapy as carcinogenic [9]. We discuss th e possibility 
that maximal clinical effectiveness at minimal risk to the patient 
may be achieved if the less-repairable DNA adduct, the cross-
link can be maximized relative to the monoadduct. 
DNA REP AIR MODES IN BACTERIA 
The subject of DNA repair has been recently reviewed [10] 
and it was also treated comprehensively in the proceedings of 
a recent conference [11). In the present discussion we will 
emphasize cellular responses to the primary damage inflicted 
in DNA by short wavelength UV, namely the dimerization of 
adjacent pyrimidines in a DNA strand to form a cyclobutyl 
ring. The pyrimidine dimer poses a block to replication and in 
the absence of repair or tolerance mechanisms one dimer in the 
entire genome of an Escherichia coli cell is lethal. 
We narrowly defIne repair as the restoration of the normal 
DNA structure, thereby distinguishing it from tolerance re-
sponses that enhance survival in spite of persisting damage in 
genomic DNA. In a reaction dependent upon visible Hght the 
pyrimidine dimer may be reversed in situ by photoreactivating 
enzyme [12). Alternatively.the dimer and adjoining nucleotides 
may be removed and the integrity of the intact DNA restored 
through repair replication using the undamaged complemen-
tary strand as template. This mechanism is called excision-
repair and in E. coli it is a complex multipathway process 
involving a number of different nucleases and DNA polymer-
ases [10,13]. One of the excision-repair pathways appears to be 
an inducible response triggered by the presence of replication-
blocking damage in the DNA. That pathway is controlled by 
the recA gene and it results in long patches of repair replication 
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several hundred nucleotides or more in extent. In contrast, the 
main constitutive excision-repair pathway produces patches 
only 20 nucleotides long. The inducible long patches appear to 
be produced at a limited number of unique sites (possibly 
regions of strand unwinding for replication or transcription) in 
the bacterial DNA and they may, in fact, be responsible for the 
phenomenon classically known as Weigle reactivation in which 
a UV damaged phage exhibits higher survival if prior to infec-
tion the host cell is lightly UV irradiated as well [14). This 
phenomenon is particularly significant because it has been 
shown to be accompanied by enhanced mutagenesis in the 
survivors. The major component of Weigle reactivation for 
phage with double-strand DNA genomes and for the host cells 
themselves in preinduced cultures is dependent upon uvrA 
which is one of the genes controlling early steps in excision-
repair. However, only the minor component that is independent 
of uvrA operates on single-strand DNA containing phages 
[14). The actual mechanisms of Weigle reactivation are yet to 
be understood although some evidence has been presented that 
the minor component involves an inducible capability that 
facilitates transdimer synthesis, a process that would seem 
intrinsically error-prone. The recA gene also controls a consti-
tutive, tolerance mechanism in which a recombinational strand 
exchange evidently permits bypass ofthe damaged sites without 
actual removal of the dimers from the DNA [10]. 
There is still much to be learned from the continuing study 
of DNA repair and lesion tolerance mechanisms in bacterial 
systems. In fact new, unsuspected modes of repair have been 
revealed in recent years, such as the adaptive demethylation 
response to alkylation at the 0 6 position of guanine or the direct 
insertion of purines into depurinated DNA [10]. E. coli contin-
ues to ~erve as a useful system to aid in the formation of models 
for guiding exploration of DNA repair responses in more com-
plex cellular systems [15]. 
DNA REPAIR RESPONSES IN MAMMALIAN CELLS 
The schemes of both photoreactivation and excision-repair 
have been well documented in many types of mammalian cells, 
including human [10,12]. However, the excision-repair mode in 
human fibroblasts unlike that in bacteria does not include an 
inducible long-patch component [13]. 
There is also evidence in mammalian cells for a conditioning 
phenomenon analogous in many respects to Weigle reactiva-
tion. 't'hus, the survival of UV irradiated Simian Virus 40 is 
enhanced significantly if the host monkey kidney cells are 
exposed to chemical carcinogens or a low UV dose prior to 
infection [16]. Furthermore, this conditioning treatment of the 
cells does enhance the yield of mutant virus [17]. Although we 
do not understand the mechanism of this recovery mode there 
is some evidence that it may facilitate trans-dimer continuity 
(by trans-dimer synthesis or strand exchange?) in the replicated 
viral DNA [18]. This phenomenon is important because of the 
clear Correlations of carcinogenicity with mutagenicity in many 
test SYstems. 
There have been many attempts to relate to bacterial models 
the observed repair of the daughter strand interruptions that 
result from pyrimidine dimers in replicating mammalian DNA 
[10). Bvidently the dimers are eventually overcome but it has 
been difficult to establish unequivocally the means by which 
this is accomplished. The difficulty has been due in large part 
to the complexity of chromatin structure in eukaryotes and to 
the intrinsic feature of multiple tandem replicons. Daughter 
stranQ continuity is dependent upon the joining of newly-syn-
thesized DNA in adjacent replicons- this process can not occur 
if replication is blocked or if the initiation of replication has 
been prevented in either replicon. Possible recombinational 
scheIlles for the repair of daughter strand gaps in mammalian 
cells h.ave been recently assessed by Ganesan et al [15]. The 
recombinational repair modes may have particular importance 
for th.e recovery of cells containing interstrand crosslinks in 
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their DNA [19]. The basic excision-repair mode may not oper-
ate effectively on a lesion such as an interstrand crosslink, in 
which both DNA strands have been altered at essentially the 
same site in the sequence. 
DNA REPAIR IN HUMAN EPIDERMAL KERATINO-
CYTES 
Epstein and co-workers [20] have shown that basal cells in 
ultraviolet irradiated human skin are capable of unscheduled 
DNA synthesis and that the corresponding cells in xeroderma 
pigmentosum patients are deficient in this process. Unsched-
uled synthesis of DNA in non S-phase cells is one of the criteria 
used to indicate excision-repair. More recently Taichman and 
Setlow [21] have used a dimer-specific endonuclease assay to 
determine the presence and loss of pyrimidine dimers from 
cultured epidermal keratinocytes grown on 3T3 fibroblast 
feeder layers. The extent of pyrimidine dimer excision in these 
cells was compared to that determined in fibroblasts from the 
same individual. The results were similar for the 2 types of cells 
after doses from 10 to 40 J / m2, although the keratinocytes 
appeared to remove in 16 hr a slightly lower percentage of the 
dimers than did fibroblasts. 
We have examined DNA repair in primary cultures of human 
epidermal keratinocytes using the technique of 5-bromodeoxy-
uridine density-labeling to resolve repair replication from the 
semiconservative mode [22]. Primary cultures of keratinocytes 
isolated from human skin obtained from plastic surgery trim-
mings were used in our investigation. The techniques for ob-
taining a proliferative population of keratinocytes have been 
previously described [23,24]' No feeder layer is required in this 
method thereby facilitating the use of radioactive labeling and 
biophysical analysis. The growth characteristics of the cells 
utilized in our studies are shown in Fig l. 
The keratinocytes were prelabeled with I"C-thymidinc, (0.02 
p.Ci/mI) dW'ing the proliferative phase from day 6 to day 13 
after seeding. The cells were then incubated in fresh medium 
without I"C-thymidine for 1 day followed by 1 hr incubation in 
medium containing 1 P.M fluorodeoxyuridine and 10 P.M bromo-
deoxyuridine. After washing with PBS, a UV dose of 13 J / m2 
at 254 nm was administered to the culture in the dish with the 
cover off. The keratinocytes were then incubated for 3 to 24 hl' 
in fresh medium containing FdUrd, BrdUrd and 3H-thymidine, 
5 p.Ci/ml (50 Ci/mM). The cells were washed with PBS and 
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removed from culture dishes after incubation with trypsin 
solution (0.3% trypsin, 1% EDTA in PBS without Ca++, Mg++ 
at pH 7.4) for 10 min at 37°C. Cell pellets pooled from 4 culture 
dishes to obtain at least 4 X 106 cells were collected by centrif-
ugation at 1000 xg 1 min and washed with PBS. The cells were 
lysed by the addition of 2 ml of 0.5% sodium dodecyl sulfate, 1 
mM EDT A, 10 mM Tris, pH 8.0, proteinase K, 50 J.Lg/ml, and 
then incubated at 37°C overnight. The DNA in the lysate was 
sheared by vortexing vigorously for 2 min before the lysate was 
subjected to equilibrium sedimentation in neutral CsCI [22). 
T he fractions containing the unreplicated parental density 
DNA were re-banded in an alkaline CsCI equilibrium density 
gradient to further resolve parental DNA strands containing 
repair patches from semiconservatively replicated DNA. The 
ratio of JH repair label to the 14C prelabel in the parental 
density region of the gradient was taken as a quantitative 
measure of repair replication. 
Keratinocytes derived from adult human skin are able to 
repair DNA damage by UV irradiation at '254 nm. A radioactiv-
ity proflle from a typical repair replication experiment with 
proliferating human keratinocytes is shown in Fig 2. It is 
obvious that 13 J/m2 markedly suppresses normal DNA syn-
thesis in these cells. The repair capacity expressed as the ratio 
of 3H to 14C in parental density DNA fragments was 0.7 when 
the cells were allowed to incorporate 3H-thymidine for 3 hr 
(Fig. 2). The extent of repair replication was higher in cells 
irradiated by 13 J/m2 than in those irradiated by 6 J/m2 (Data 
not shown). This result is consistent with the report of Taich-
man and Setlow [21). 
A similar experiment to that shown in Fig 2 was carried out 
with cells taken from the same specimen and irradiated in 
plateau phase, 30 days after seeding. The ratio of 3H to 14C after 
a 3 hr incubation with 3H-thymidine following a 13 J/m2 UV 
dose in this case was 1.4, twice the value obtained with prolif-
erative phase cells. A similar difference has been reported by 
Smith and Hanawalt [25] in a comparison of DNA repair 
synthesis using 3H-thymidine in growin.g and confluent WI38 
human fibroblasts. In that system the difference in labeling was 
shown not to reflect an actual difference in repair synthesis 
since it was not observed when 3H-bromodeoxyuridine was used 
instead of 3H-thymidine for the repair assay. 
The time course of DNA repair synthesis in plateau phase 
keratinocytes after a 13 J/m2 UV dose is shown in Fig 3. The 
overall pattern is similar to that reported for WI38 cells [25] or 
HeLa cells [26]. Over half of the total repair synthesis seen at 
24 hr has already occurred in the first 3 hours. 
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FIG 2. Radioactivity profiles from a repair replication experiment 
with cultured human keratinocytes during proliferative phase, 13 days 
after seeding. The fractions indicated by the bars in upper frames were 
pooled and then analyzed in alkaline CsCI gradients (lower frames) . 
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FIG 3. Time course of DNA repair replication in cultured human 
keratinocytes. The cells were irradiated at 13 J/m 2 during plateau 
phase, 30 days after seeding. Repair replication was determined by 
allowing the 14C-prelabeled cells to incorporate "H-thymidine for 3, 6, 
12 and 24 hr after irradiation. The density distribution of 3R and I<C 
was obtained by isopycruc CsCI sedimentation as described in the text. 
The ratio of "H to I·C was calculated after alkaline rebanding of the 
parental density peak as exemplified in the experiment illustrated in 
Fig 2. 
The similar excision-repair responses of epidermal keratino-
cytes and fibroblasts lend confidence to our continued use of 
fibroblast cultures as model systems for studying this repair 
mode in humans. However, this correspondence should not be 
assumed to be characteristic of all responses to damaged DNA 
by these respective cellular systems. Furthermore, it will be 
important to compare the excision-repair responses in these 
cells under different physiological conditions (eg., during differ-
entiation or after "conditioning" exposure to UV). The repair 
responses of keratinocytes from donors of different ages should 
be compared. Ultimately it may also be important to under-
stand the repair responses of other cellular species in the 
epidermis, such as melanocytes and the Langerhans cells. A 
complex interaction exists between these different cell types 
and it may be premature to assume that the most important 
photobiological effects in human skin are the consequence of 
action on the predominant cell types. 
REPAIR OF PSORALEN ADDUCTS TO DNA IN 
HUMAN CELLS 
Kaye, Smith, and Hanawalt [8] have recently measured 
repair replication in cultured WI-38 human diploid fibroblasts 
following treatment with 8-methoxypsoralen (8-MOP) and 
UV A. The results obtained were similar in most respects to 
those previously reported for 254 nm UV irradiation of fibro-
blasts. Of course the measured DNA repair synthesis must have 
included that possibly involved in repair of the interstrand 
crosslink as well as that due to monoadduct repair. In the WI-
38 system, angelicin and UV A gave essentially the same repair 
response as that seen with 8-MOP and UVA. Angelicin is a 
congener of 8-MOP which for steric reasons can only form 
monoadducts in the normal DNA structure [27). Evidently the 
component of repair replication, if any, due to the repair of the 
8-MOP crosslink can not. be resolved from that due to the 
monoadduct. In a further study (to be published) Kaye has 
subjected human cells to a split-dose irradiation protocol in 
which unbound 8-MOP was removed after the first UV A ex-
posure and the culture was then reirradiated with UV A to 
convert a maximum number of the monoadducts to crosslinks 
[28]. No increase in repair replication was seen, as indicative 
that any repair replication response to crosslinks must have 
been indetectably different from that due to the monoadducts. 
Nevertheless, an S1 nuclease assay for the presence of crosslinks 
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demonstrated that a substantial number of monoadducts had 
been converted to crosslinks by the split-dose procedure. Partial 
removal of 8-MOP crosslinks has been observed in th e WI-38 
cells, in xeroderma pigmentosum variant cells, but not in xero-
derma pigmentosum group A cells [8]. The cells of xeroderma 
pigmentosum group A also gave no repair replication response 
to 8-MOP or angelicin adducts, a result that conftrmed the 
ftndings of Baden et al [29], who reported that unscheduled 
DNA synthesis was deftcient in PUVA treated cells from this 
complementation group. The lack of repair replication after 
treatment of these xeroderma pigmentosum cells with 8-MOP 
or angelicin and UV A indicates that the enzymatic pathway for 
the repair of the monoadducts of these agents shares at least 
one step with the scheme used for the repair of pyrimidine 
dimers [8]. 
It is by now well-established that the combination of 8-MOP 
plus UYA is mutagenic in bacteria [30,31], in yeast [32], and in 
cultured human skin fibroblasts [33]. It is very like ly that the 
repairable 8-MOP monoadducts, like the UV-induced pyrimi-
dine dimer, is both mutagenic and potentially carcinogenic in 
man. In fact, it has been reported that xeroderma pigmentosum 
patients developed skin can cers upon treatment with 8-MOP 
and UYA [34]. Bridges, Mottershead, and Knowles [35] have 
reported a careful comparison of the relative effects of monoad-
ducts and crosslinks upon mutation inducation and killing in 
various bacterial strains. Interestingly, they found that t h e 
conversion of monoadducts to crosslinks (in an excision-repair 
deficient strain) resulted in a reduction of mutation frequency 
while greatly increasing lethality. In an earlier study, Seki, 
Nozv, and Kondo [36] have also concluded that the monoad-
ducts of 8-MOP were responsible for mutagenesis while the 
crosslinks were the major cause of lethality. In a similar study 
with Yeast, Grant, von Borstel, and Ashwood-Smith [37] pro-
vided evidence that both the psoralen monoadducts and the 
crosslinks were capable of inducing mutations. Studies with 
guinea pig skin ftbroblasts have shown that repeated light 
exposUres after unbound 8-MOP is removed result in further 
inhibitory effects on DNA synthesis [38]. The split-dose treat-
ment was converting 'some monoadducts to crosslinks which 
evid ently were more effective DNA replication blocks. The 
interstl'and crosslink by its very nature must be a less readily 
repairable lesion, and it is probably no more mutagenic than 
the monoadducts. It is possible, but by no means established, 
that the remarkable effectiveness of 8-MOP in PUV A therapy 
for pSOriasis is largely due to the persisting crosslinks whereas 
the carcinogenicity is principally the consequence of umepaired 
monoadducts. If that conjecture were true then it would seem 
that the effectiveness of therapy with 8-MOP might be en-
hanceq while minimizing the risk of cancer through a split-dose 
protocol-to maximize the crosslinks at the expense of mono ad-
ducts. It will be a challenge to the clinician in close cooperation 
with the researcher to test the validity of this proposed split-
dose PUV A regimen. 
We lU'e indebted to J ames Kaye, M.D. and C. A. Smith, Ph.D., for 
assistal)ce with the repair replication experiments in keratinocytes. We 
also appreciate the interest in this work and helpful discussions with 
Vera Morhenn, M.D., and Eugene M. Farber, M.D. 
REFERENCES 
L Ur~ach F, Epstein JH, Forbes PO: Ultraviolet carcinogenesis: 
-"<xperimental, global and genetic aspects, Sunlight and Man. 
E:dited by TB Fitzpatrick et aI. University of Tokyo Press, Tokyo, 
1972, pp 259-263 
2. Cleaver JE, Bootsma 0: Xeroderma pigmentosum: Biochemical 
atJd genetic characteristics. Ann Rev Genet 9:19-38, 1975 
3. Setlow RB: Repair deficient human disorder and cancer. Nature 
271:713-717, 1978 
4. Parl'ish JA, Fitzpatrick TB, Tannenbaum L, Pathak MA: Photo-
cbemotherapy of psoriasis with oral methoxsalen and longwave 
ultraviolet ligh t. N Engl J Med 291:1207-1211, 1974 
5. Ab"l AA, Farber EM: Photochemotherapy, Recent Advances in 
Dermatol. Edited by A Rook and J Savin. Churchill Livingstone, 
Edinburgh, London, and New York, 1980, pp 259-283 
DNA REPAIR RESPONSES IN HUMAN SKIN CELLS 89 
6. Musajo L, Bordin F, Bevilacqua R: Photoreactions at 3655 A linking 
the 3-4 double bond of furocoumarins with pyrimidine bases. 
Photochem Photobiol 6:927-931, 1967 
7. Dall'Acqua F, Marciani S, Ciavatta L, Rodighiero G: Formation of 
interstrand cross-linkages in the photoreactions between furo-
coumarins and DNA. Z Naturforsch 26b:561- 569, 1971 
8. Kaye J, Smith CA, Hanawalt PC: DNA repair in human ceUs 
containing photoadducts of 8-methoxypsoralen or angelic in. Can-
cer Res 40:696-702, 1980 
9. Stein RS, Thibodeau LA, Kleinerman RA, Parrish JA, Fitzpatrick 
TB, and 22 participating investigators: Risk of cutaneous carci-
noma in patients treated with oral methoxsalen photochemoth-
erapy for psoriasis. N Engl J Med 300:809-813, 1979 
10. Hanawalt PC, Cooper PK, Ganesan AK, Smith, CA: DNA repair in 
bacteria and mammalian cells. Ann Rev Biochem 48:783-836, 
1979 
11. Hanawalt PC, Friedberg EC, Fox CF (ed.): DNA Repair Mecha-
nisms. Academy Press, New York, 1978 
12. Sutherland BM: Photoreactivating enzymes in bacteria and human 
skin . J Invest Dermatol, 77: this issue 
13. Hanawalt PC, Cooper PK, Smith CA: Repair replication schemes 
in bacteria and human cells. Prog Nue Acid Res and Molec BioI, 
26:181-196,1981 
14. Cooper PK: Inducible excision repair in Escherichia. coli, Chro· 
mosome Damage and Repair. Edited by E. See berg, in press 
15. Ganesan AK, Hanwalt PC, Cooper PK, Smith CA: What can 
bacteria teU us about the responses of mammalian cells to DNA 
damage? Radiation Research, Proc. 6th Int. Congo Rad. Res., 
Tokyo, Toppan, 1979, pp 439-445 
16. Sarasin AR, Hanawalt PC: Carcinogens enhance survival of UV 
irradiated simian virus 40 in treated monkey kidney cells: Induc-
tion of a recovery pathway? Proc Nat! Acad Sci 75:346-350, 1978 
17. Sarasin AR: The use of DNA viruses as probes for studying DNA 
repair pathways in eukaryotic cells, Radiation Research, Proc. 
6th lnt Cong Rad Res, Tokyo, Toppan 1979 pp 462-470 
18. Sarasin AR, Hanawalt PC: Replication of ul traviolet-irradiated 
simian virus 40 in monkey kidney cells. J Molec Bioi 138:299-
319, 1980 
19. Cole RS: Repair of DNA Containing Interstrand Crosslinks in 
Escherichia coli: Sequential Excision and Recombination. P roc 
Natl Acad Sci 70:1064-1068, 1973 
20. Epstein, JH, Fukuyama K, Reed WB, Epstein WL: Defect in DNA 
synthesis in skin of patients with xeroderma pigmentosum dem-
onstrated in vivo. Science 168:1477-1478, 1970 
21. Taichman LB, Setlow RB: Repair of ultraviolet light damage to 
the DNA of cultured human epidermal keratinocytes and fibro-
blasts. J Invest Dermatol 73:217-219, 1979 
22. Smith CA, Cooper PK, Hanawalt PC: Measurement of repair 
replication by equilibrium sedimentation. DNA Repair: A labo-
ratory manual of research procedures. Edited by EC Friedberg, 
PC Hanawalt. Marcel Dekker, in press, 1981 
23. Liu S, Karasek M: Isolation and growth of adult human epidermal 
keratinocytes in cell cul ture. J Invest Dermatol 71:157-162, 1978 
24. Liu S, Eaton M, Karasek M: Growth characteristics of human 
epidermal keratinocytes from newborn foreskins in primary and 
serial cultures. In Vitro 15:813-822, 1979 
25. Smith CA, Hanawalt PC: Repair replication in cultured normal and 
transformed human fibroblasts. Biochim Biophys Acta 447:121-
132, 1976 
26. Edenberg HJ, Hanawalt PC: The timecourse of DNA repair repli· 
cation in ul traviolet irradiated HeLa cells. Biochim Biophys Acta 
324 :206-217, 1973 
27. Ashwood-Smith MJ , Grant E: Conversion of psoralen DNA mon-
oadducts in E. coli to interstrand DNA crosslinks by near UV 
light (320-360 nm): Inability of angelicin to form crosslinks in 
vivo. Experientia 33:384-386, 1977 
28. Ben-Hur E, Elkind MM: DNA cross-linking in Ch inese hamster 
cells exposed to near-ultraviolet light in the presence of 4,5',8-
trimethylpsoralen. Biochim Biophys Acta 331:181-193,1973 
29. Baden HP, Parrington JM, Delhanty JDA, Pathak MA: DNA 
synthesis in normal and xeroderma pigmentosum fibroblasts 
following treatment with 8-methoxypsoralen and long wave ul-
traviolet light. Biochim Biophys Acta 262:247-255, 1972 
30. Iga li S, Bridges BA, Ashwood-Smith MJ, Scott BR: Mutagenesis 
in E. coli, IV . Photosensitization to near ul traviolet light by .8-
methoxypsoralen. Mut Res 9:289-295, 1970 
31. Ashwood-Smith MJ , Poulton GA, Barker M, Mildenberger M: 5-
methoxypsoralen, an ingredient in several suntan preparations, 
has lethal, mutagenic and clastogenic properties. Nature 285:407-
409, 1980 
32. Averbeck 0 , Chandra P, Biswas RF: Structural specificity in the 
lethal and mutagenic activity of furocoumarins in yeast cells. 
Radiation Environ Biophys 12:241-252, 1975 
33. Burger PM, Simons JWIM: Mutagenicity of 8-methoxypsoralen 
and long-wave ultraviolet irradiation in diploid human skin fibro-
blasts. Mut Res 63:371-380,1979 
34. Reed B: PUV A results in cancer in xeroderma pigrnentosum. Acta 
Dermvenerol (Stockh) 56:315-318, 1979 . 
90 HANAWALT, LIU, AND PARSONS 
35. Bridges BA, Mottershead RP, Knowles A: Mutation induction and 
killing of Escherichia coli by DNA adducts and crosslinks: A 
Photobiological study with 8-methoxypsoralen. Chern BioI Inter-
actions 27:221-233, 1979 
36. Seki T , Nozu K, Kondo S: Differential causes of mutation and 
killing in Escherichia coli after psoralen plus light treatment: 
Monoadducts and Crosslinks. Photochem Photobiol 27:19-24, 
1978 
Vol. 77, No.1 
37. Grant EL, von Borstel RC, Ashwood-Smith MJ: Mutagenicity of 
cross- links and monoadducts of furocoumarins (psoralen and 
a nge licin) induced by 360 nm radiation in excision-repair-defec-
tive and radiation-insensitive strains of Saccharomyces cerevi· 
siae. Environ Mutagenesis 1:55-63, 1979 
38. Pohl J, Christophers E: Photo inactivation of skin fibroblasts by 
fractionated treatment with 8-methoxypsoralen and UV A. J In-
vest Dermatol 73: 176-179, 1979 
